Anticancer therapy with doxorubicin (DOX) is limited by severe cardiotoxicity, presumably reflecting the intramyocardial formation of drug metabolites that alter cell constituents and functions. In a previous study, we showed that NADPH-supplemented cytosolic fractions from human myocardial samples can enzymatically reduce a carbonyl group in the side chain of DOX, yielding a secondary alcohol metabolite called doxorubicinol (DOXol). Here we demonstrate that DOXol delocalizes low molecular weight Fe(II) from the [4Fe-4S] cluster of cytoplasmic aconitase. Iron delocalization proceeds through the reoxidation of DOXol to DOX and liberates DOX-Fe(II) complexes as ultimate by-products. Under physiologic conditions, cluster disassembly abolishes aconitase activity and forms an apoprotein that binds to mRNAs, coordinately increasing the synthesis of transferrin receptor but decreasing that of ferritin. Aconitase is thus converted into an iron regulatory protein-1 (IRP-1) that causes iron uptake to prevail over sequestration, forming a pool of free iron that is used for metabolic functions. Conversely, cluster reassembly converts IRP-1 back to aconitase, providing a regulatory mechanism to decrease free iron when it exceeds metabolic requirements. In contrast to these physiologic mechanisms, DOXol-dependent iron release and cluster disassembly not only abolish aconitase activity, but also affect irreversibly the ability of the apoprotein to function as IRP-1 or to reincorporate iron within new Fe-S motifs. This damage is mediated by DOX-Fe(II) complexes and reflects oxidative modifications of {SH residues having the dual role to coordinate cluster assembly and facilitate interactions of IRP-1 with mRNAs. Collectively, these findings describe a novel mechanism of cardiotoxicity, suggesting that intramyocardial formation of DOXol may perturb the homeostatic processes associated with cluster assembly or disassembly and the reversible switch between aconitase and IRP-1. These results may also provide a guideline to design new drugs that mitigate the cardiotoxicity of DOX.-Minotti, G., Recalcati, S., Mordente, A., Liberi, G., Calafiore, A. M., Mancuso, C., Preziosi, P., Cairo, G. The secondary alcohol metabolite of doxorubicin irreversibly inactivates aconitase/iron regulatory protein-1 in cytosolic fractions from human myocardium. FASEB J. 12, 541-552 (1998)
tion and the ultimate target (or targets) of toxicity may exhibit species-related differences (5) . Reconstitution of DOX with myocardial fragments disposed during aorto-coronary bypass grafting provides a convenient and ethically acceptable strategy to obviate these problems and characterize the metabolism of this drug in the human heart. Using this approach, we have previously demonstrated that cytosolic fractions from human myocardium possess NADPH-dependent aldo-keto reductases that add two electrons to the C-13 carbonyl group in the side chain of DOX, forming a secondary alcohol metabolite called doxorubicinol (DOXol) (cf ref 6 and see Scheme I). These studies have also shown that DOXol releases low molecular weight (low mol wt) Fe(II) from a protein (or proteins) other than ferritin, which per se would account for a major site of iron storage in the cytosolic milieu of human cardiomyocytes (6, 7) . We have therefore hypothesized that DOXol might become cardiotoxic by removing iron from alternative sources such as iron-requiring enzymes (6) .
This study was aimed at establishing whether DOXol removes iron from the [4Fe-4S] cluster of cytoplasmic aconitase, a protein displaying marked homology with the mitochondrial enzyme that converts citrate to isocitrate via the intermediate cis-aconitate in the Krebs cycle (8) . The fourth ferrous iron of the cluster, referred to as Fe a , is directly involved in enzymatic catalysis; limited removal of Fe a would therefore abolish aconitase activity (8) . Perhaps more important, dynamic processes of cluster disassembly and reassembly enable cytoplasmic aconitase to participate in iron metabolism and cell homeostasis. Cluster disassembly occurs when the process of iron removal extends beyond Fe a and involves the three other centers, referred to as Fe b1-3 . This process liberates an apoprotein that binds to iron-responsive elements (IREs) in mRNAs for transferrin receptor or ferritin, increasing stability or decreasing translation, respectively (9) (10) (11) . In so doing, the apoprotein functions as an iron regulatory protein-1 (IRP-1) that coordinately up-regulates the synthesis of transferrin receptor but down-regulates that of ferritin, causing iron uptake to prevail over sequestration and forming a pool of low mol wt Fe that is available for metabolic use. Under physiologic conditions, the balance between aconitase and IRP-1 is influenced by cell iron status. When iron is scarce, both cluster disassembly and de novo synthesis of the apoprotein shift the balance in favor of IRP-1, promoting the formation of low mol wt Fe (11) . When iron is plentiful, new clusters are formed and the balance returns in favor of aconitase, decreasing low mol wt Fe. Reversible assembly or disassembly of [4Fe-4S] clusters can therefore be viewed as homeostatic mechanisms that constantly adapt the concentration of low mol wt Fe to the metabolic needs of the cell. Perturbing these mechanisms with DOXol or any other agent that inappropriately induces cluster iron delocalization and disassembly would predictably affect cell functions that require iron as a cofactor.
Our results demonstrate that DOXol delocalizes iron from [4Fe-4S] clusters and causes irreversible modifications of both aconitase and IRP-1 activities in human myocardium. These findings may help clarify how DOX becomes cardiotoxic, setting the stage for mechanism-oriented interventions that protect cardiomyocytes during anticancer therapy with this drug.
MATERIALS AND METHODS

Materials
Lactose-free anthracyclines were obtained through the courtesy of Dr. Antonino Suarato (Pharmacia-Upjohn, Milan, Italy). Ammonium sulfate (ultrapure grade, Fe III õ0.5 ppm) was purchased from Schwarz/Mann (Cleveland, Ohio). Cysteine, EDTA, and ferrous ammonium sulfate (FAS) were from Merck (Darmstadt, Germany all other chemicals were obtained from Sigma Chemical Co. (St. Louis, Mo.). Unless otherwise indicated, the experiments were carried out in 0.3 M NaCl, carefully adjusted to pH 7.0 just before use. This was done to avoid ligand-catalyzed interactions of most common buffers with iron (12) . Although unbuffered, the pH of the reaction mixtures did not vary throughout the period of the experiment. All solutions were prepared with double-distilled water that had been passed through a Milli-Q Water System (Millipore; Marlborough, Mass.). Trace metals were eventually removed by ionexchange chromatography on Chelex 100 (Bio-Rad; Richmond, Calif.).
Preparation of cytosols from myocardial biopsies
Small atrial samples (Ç0.1-0.2 g) were taken from 76 patients (45 M, 31 F, aged 61{4 years) undergoing aortocoronary bypass grafting. All biopsies were collected before cardiopulmonary bypass, using a previously described technique (6) . This protocol had been approved by Institutional Review Boards, and informed consent was obtained from all patients. After storage at 080ЊC, pools of 15-20 myocardial biopsies were processed for cytosol preparation by sequential homogenization, ultracentrifugation, and overnight stirring of 105,000 g supernatants with 65% ammonium sulfate, as described previously (6) . Calcium hydroxyapatite chromatography (6) was omitted in order to minimize cluster oxidation and other possible modifications of aconitase/IRP-1. After 20 min precipitation at 10,000 g, cytosolic proteins were suspended in a minimum volume of 0.3 M NaCl and dialyzed first against two 1-liter changes of 0.3 M NaCl-1 mM EDTA and then against two 1-liter changes of 0.3 M NaCl (to remove EDTA and EDTA-iron complexes). Previous studies have shown that EDTA would remove adventitious iron (6, 7) but not iron ions coordinated within the aconitase cluster (13) . Cytosols prepared by this standard procedure were referred to as unmodified. Where indicated, cytosols (3-5 mg protein/ ml) were incubated with cysteine and FAS at a final ratio of 1100 or 50 nmol/mg protein, respectively. This treatment was intended to reconstitute the [4Fe-4S] cluster of aconitase, a process requiring iron and thiols (13, 14) . After 15 min at 4ЊC (13) , unreacted FAS and cysteine were removed by gel filtration on a (1.5112 cm) Sepharose 6B column equilibrated and eluted with 0.3 M NaCl, pH 7.0; protein-containing fractions were then incubated with 65% ammonium sulfate, which also contained 0.25 mM cis-aconitate, to protect the cluster against oxidative inactivation (13) . After 4 h stirring, 10,000 g precipitates were dissolved in a minimum volume of 0.3 M NaCl and dialyzed sequentially against 1-liter changes of 0.3 M NaCl-0.1 mM cis-aconitate, EDTA-NaCl, and NaCl. These cytosols were referred to as iron-loaded. In other experiments, cytosols were dialyzed against two 1-liter changes of 100 mM Tris HCl, pH 8.9/40 mM KCl, diluted to 3 mg protein/ml with the same buffer, and incubated with 100 mM dithiothreitol (DTT) to remove iron from clusters (15) . After 15 min at room temperature, these cytosols were subjected to Sepharose 6B chromatography, ammonium sulfate precipitation, and dialysis as described for the preparation of iron-loaded samples, with the exception that cis-aconitate was omitted throughout. Cytosols treated with DTT/pH 8.9 were referred to as iron-depleted.
In vitro RNA transcription and RNA-protein gel retardation assay for IRP-1
The pSPT-fer plasmid containing the IRE of human ferritin H chain (16) was linearized with BAM HI and transcribed in vitro with T7 RNA polymerase in the presence of 100 mCi of [a 32 -P]UTP (800 mCi/mmol; Amersham Co., Arlington Heights, Ill.). For IRP-1 assay, 2 mg protein samples were incubated with a molar excess of IRE probe, digested with Rnase T1, and treated with heparin as described previously (17) . After separation on 6% nondenaturing polyacrylamide gels, IRP-1/IRE complexes were visualized by autoradiography and quantified by computer-assisted densitometry (Imaging Densitometer, G5670; Bio-Rad). Binding specificity has been demonstrated by competition studies (17) . In selected experiments, iron-loaded cytosols (1.5-3 mg protein/ml) were assayed for IRP-1 after 1 h incubation at 37ЊC with cis-aconitate plus or minus DOX(ol) (100 and 4 nmol/mg protein, respectively). Preliminary experiments showed that DOX(ol) per se did not interfere with IRP-1 detection when added to cytosols just prior to the gel shift assay at a ratio of 0.5 to 5 nmol/mg protein; by contrast, ¢ 50 nmol cis-aconitate/mg protein decreased the formation and/or detection of IRE/IRP-1 complexes, in keeping with previous reports demonstrating similar effects of aconitase substrates (18) . cis-Aconitate-treated cytosols were therefore subjected to Sepharose 6B chromatography, ammonium sulfate precipitation, and dialysis to ensure substrate removal. Where indicated, cytosols were treated with 2-mercaptoethanol (2-ME) just before the gel-shift assay to reduce disulfide bridges and regenerate {SH groups that mediate RNA binding (19, 20) . Based on titration experiments, the concentration of 2-ME was optimized to 0.6% (v:v).
Assay for aconitase
Aconitase activity was determined spectrophotometrically by monitoring the disappearance of cis-aconitate (e 240 Å3.6 mM 01 cm 01 ) (21) . The incubations (1 ml final volume) contained cytosols (80-300 mg protein) and 0.1 mM cis-aconitate in 0.3 M NaCl, pH 7.0, 37ЊC; one mU was defined as the amount of enzyme that consumed 1 nmol cis-aconitate/min (21) . Where indicated, aconitase was measured in cytosols that had been treated with cis-aconitate plus or minus DOX(ol) and subsequently made free of substrate as described for IRP-1 assay.
Assays for aldo-ketoreductase activity and DOX metabolites
The anthracycline aldo-ketoreductase activity of human myocardium was measured as DOXol formation in 0.5 ml incubations containing cytosols (150 mg protein), NADPH, and DOX (both 150 mM) in 0.3 M NaCl, pH 7.0, 37ЊC. After 4 h, the reaction mixtures were extracted and analyzed by 2-dimensional thin layer chromatography (6) . Mobile phases, standard preparations, metabolite assignement, and fluorimetric quantification have been described in detail (6, 22) . Control experiments showed that variable amounts of DOXol hydrolyzed nonenzymatically and formed a polar metabolite (e.g., 4-demethyl-deoxy aglycones). Aldo-keto reductase activities were therefore expressed as nmol [DOXol] /mg protein/ 4 h, where [DOXol] indicates the metabolite per se and secondary products of nonenzymatic hydrolysis.
Assays for iron delocalization
Doxorubicinol-dependent delocalization of low mol wt Fe(II) was studied spectrophotometrically in 1 ml incubations containing cytosols (1 mg protein) in 0.3 M NaCl, pH 7.0, 37ЊC. Reactions were started by adding DOXol prepared by NaBH 4 reduction of DOX and purified by 2-dimensional thin layer chromatography (6, 22) . Delocalized Fe(II) was detected by chelation with 0.25 mM ferrozine, which per se would not remove iron from clusters (13 Values given as means { SE of three to five determinations in duplicate. *, **P õ 0.05 or P õ 0.01 vs. unmodified cytosols, respectively. The bottom panel shows two representative gel shift assays of unmodified vs. iron-loaded or iron-depleted cytosols.
using a Hewlett Packard 8453 diode array spectrophotometer with computer-assisted corrections for scatter and turbidity.
Other assays
Proteins were determined by the bicinchoninic acid acid method (24) . The cytosolic content of Fe a was determined in 1 ml incubations containing cytosols (1-3 mg protein) and ammonium persulfate (1 mM), which served to induce slow cluster disassembly (13 (13) .
Unless otherwise indicated, all data are expressed as the arithmetic mean { SE. Statistical analyses were performed by paired and unpaired Student's t tests, and differences were considered significant when P õ 0.05. Other conditions are indicated in the legends to the figures and tables.
RESULTS
Aconitase and IRP-1 in human myocardium cytosols
Both aconitase and IRP-1 were detected in unmodified cytosols from human myocardial biopsies, showing that these samples contained [4Fe-4S] holoproteins with enzymatic function as well as cluster-free apoproteins with RNA binding activity ( Fig. 1) . Treatment with cysteine and FAS yielded iron-loaded cytosols bearing more [4Fe-4S] clusters; therefore, aconitase increased and IRP-1 decreased. By contrast, treatment with DTT/pH 8.9 yielded iron-depleted cytosol bearing fewer [4Fe-4S] clusters; hence, aconitase decreased whereas IRP-1 increased (see also Fig.  1 ). These findings showed that iron incorporation or removal and cluster assembly or disassembly made aconitase and IRP-1 activities mutually exclusive.
In addition to IRP-1, cells may contain variable amounts of an iron regulatory protein-2, which binds to IREs but lacks the ability to form the [4Fe-4S] cluster required for aconitase activity (25) . Currently available techniques do not permit gel shift separation and detection of IRP-2 vs. IRP-1 in human tissues. Nonetheless, the observation that iron loading or unloading procedures were accompanied by coordinate but divergent changes of aconitase activity vs. IRE binding suggests that IRP-1 accounted for a major part of the biochemical features of our samples.
Doxorubicinol-dependent cluster iron delocalization: requirement for cis-aconitate
NADPH-supplemented cytosols were found to reduce DOX to DOXol, in keeping with the presence of aldo-keto reductases in human myocardium (6) . Specific activities averaged 3.4 { 0.4, 3.5 { 0.7, and 3.9 { 0.4 nmol DOXol/mg protein/4 h in unmodified, iron-loaded, and iron-depleted cytosols, respectively (nÅ3; Pú0.05). Therefore, subsequent experiments to assess the metabolic fate of DOXol and its ability to release iron from aconitase were performed by reconstituting the purified metabolite with cytosols at a final ratio of 4 nmol/mg protein, reproducing the aldo-keto reductase activity of these samples. These experiments were performed in the presence or absence of cis-aconitate as a substrate intermediate of aconitase. This was done because substrates are known to modulate the response of cytoplasmic aconitase to redox-active agents that target its [4Fe-4S] cluster (20, 26) . cis-Aconitate is most suitable for these studies (26) and readily isomerizes to both citrate and isocitrate within [4Fe-4S] clusters (8) , reproducing physiologic equilibration of these three isomers during the aconitase reaction. As shown in Fig. 2A , incubation of DOXol with ironloaded cytosols accompanied the recovery of DOX, indicative of a two-equivalent reoxidation of the secondary alcohol moiety at C-13. Formation of DOX was enhanced by cis-aconitate in a concentration-dependent manner, suggesting that DOXol oxidation was mediated by reactions with aconitase. In the experiments with 100 mM cis-aconitate, Ç2 nmol Effects of fluorocitrate on aconitase activity and DOX formation or Fe(II) mobilization. Iron-loaded cytosols were assayed for aconitase as described in Materials and Methods, using 100 mM cis-aconitate plus or minus 10-200 mM fluorocitrate. Cytosols were also incubated with DOXol and assayed for DOX, 4-demethyl-deoxy DOXol aglycone, and low mol wt Fe(II) as described in Materials and Methods and the legend to Fig. 2 , with the exception that cis-aconitate was held constant at 100 mM and added in conjunction with 10-200 mM fluorocitrate. Values are taken from a representative experiment and are expressed as percent to permit direct comparisons. In the absence of fluorocitrate, aconitase activity was 2.4 mU/mg protein, whereas 4-demethyl deoxy-DOXol aglycone, DOX, and low mol wt Fe(II) were 1.6, 1.8, and 3.4 nmol/mg protein, respectively. DOXol ag, 4-demethyl-deoxy DOXol aglycone.
DOXol converted to DOX; the remaining was recovered as 4-demethyl-deoxy DOXol aglycone, reflecting nonenzymatic hydrolysis and removal of the aminosugar bound to the anthracycline (cf Scheme I). However, the formation of this aglycone did not involve reactions with aconitase inasmuch as the relative yield was the same in the absence as in the presence of 100 mM cis-aconitate (1.8{0.2 vs. 1.9{0.3 nmol/mg protein; nÅ3).
Having determined that DOXol oxidized with aconitase, we performed experiments to evaluate whether it also delocalized iron from the [4Fe-4S] cluster of this enzyme. As shown in Fig. 2B , reconstitution of DOXol with iron-loaded cytosols did accompany the mobilization of low mol wt Fe(II). This process was enhanced by cis-aconitate in a concentration-dependent manner, similar to the oxidation of DOXol to DOX, pointing to the release of iron ions associated with aconitase. It is important that the release of Fe(II) and the formation of DOX were both abolished by replacing iron-loaded cytosols with unmodified or iron-depleted samples having less or no [4Fe-4S] clusters, irrespective of the presence or absence of increasing concentrations of cis-aconitate ( Fig. 2A-B) . Collectively, these experiments suggested that DOX and low mol wt Fe(II) were formed upon reaction of DOXol with the [4Fe-4S] cluster of aconitase. Moreover, the requirement for cis-aconitate gave preliminary evidence that DOXol-aconitase interactions were favored by the presence of physiologic substrates/intermediates within [4Fe-4S] clusters. To test this hypothesis, iron-loaded cytosols were coincubated with cis-aconitate and increasing concentrations of fluorocitrate, which competes for the cluster and inhibits aconitase (27) . As shown in Fig. 3 , fluorocitrate concentration-dependently suppressed aconitase activity and similarly decreased DOX formation and Fe(II) mobilization when cytosols were exposed to DOXol. These experiments gave more direct evidence that: 1) cytoplasmic aconitase was the source of DOXol-releasable iron; and 2) both DOXol oxidation and iron delocalization occurred when aconitase was involved in catalysis with physiologic substrate intermediates. Figure 3 also shows that fluorocitrate did not modify the yield of 4-demethyl-deoxy DOXol aglycone, confirming that this metabolite was formed by aconitase-independent hydrolysis of DOXol.
Mechanisms and stoichiometry of cluster iron delocalization
cis-Aconitate and DOXol-dependent iron release was further characterized from mechanistic and stoichi- a Incubations were prepared and assayed for Fe(II) mobilization as described in the legend to Fig. 2B . cis-Aconitate and DOX(ol) concentrations were 100 and 4 mM, respectively. Values are taken from a representative experiment. Figure 4 . Effects of DOXol on aconitase activity. Iron-loaded cytosols were assayed for aconitase before and after 1 h incubation with cis-aconitate and/or DOX(ol), as described in Materials and Methods. Where indicated, the incubations contained SOD (100 U/ml) and/or catalase (400 U/ml). Values are means { SE of three determinations. cis-acon, cis-aconitate; CAT, catalase. ometric viewpoints. A series of control experiments showed that neither cis-aconitate nor DOXol per se could release iron; a combination of cis-aconitate with DOX was similarly ineffective ( Table 1) . Thus, iron release was mediated by a concerted action of cisaconitate with the secondary alcohol moiety of DOXol. In a subsequent set of experiments, we characterized whether the simultaneous formation of DOX and low mol wt Fe(II) reflected a redox coupling of DOXol with oxygen, yielding superoxide anion (O 2 · 0 ) and hydrogen peroxide (H 2 O 2 ) as the ultimate mediators of iron delocalization. Duplicate determinations with 80-92% experimental agreement showed that cis-aconitate and DOXol-dependent release of 3.9 nmol Fe(II) was not appreciably affected by SOD (100 U/ml), catalase (400 U/ml) or a combination of the two enzymes, yielding 3.6, 3.8, and 4.1 nmol Fe(II)/mg protein, respectively. Redox coupling of DOXol with oxygen was therefore irrelevant to the mechanisms of iron release, which instead reflected direct reactions of DOXol with clusters. Not surprisingly, the data in Fig. 2A -B had shown that replacing iron-loaded cytosols with unmodified or iron-depleted samples was sufficient to abolish the formation of DOX, implying that DOXol oxidized with cluster iron rather than with oxygen.
From a stoichiometric viewpoint, we thought it was important to establish whether iron delocalization was limited to Fe a or extended to Fe b1-3 . For this purpose, cytosols were assayed for Fe a by limited cluster disassembly with ammonium persulfate (13) . Using this method, we could calculate that unmodified cytosols contained 0.4 { 0.1 nmol Fe a /mg protein, which increased to 1.1 { 0.3 in iron-loaded cytosols and decreased down to õ0.2 in iron-depleted samples (nÅ3). Changes in Fe a were therefore consistent with the procedures that had been used to promote cluster assembly or disassembly. With particular reference to iron-loaded samples, a value of Ç1 nmol Fe a /mg protein was opposed to the ability of cis-aconitate and DOXol to release up to Ç4 nmol Fe(II) (cf Fig. 2B ). This comparison strongly suggested that cis-aconitate and DOXol-dependent iron delocalization exceeded limited removal of Fe a and involved Fe b1-3 , setting the premises for cluster disassembly and conversion of aconitase to the corresponding apoprotein/IRP-1. After this characterization, it also became evident that the oxidation of two DOXol was sufficient to mobilize the four iron centers of aconitase, as attested by the ability of 100 mM cis-aconitate to couple the formation of Ç2 nmol DOX with the mobilization of Ç4 nmol Fe(II) (cf Fig.  2A-B ). This 1:2 stoichiometry was in keeping with an earlier suggestion that the two reducing equivalents of a secondary alcohol moiety can be returned to two independent iron ions (6).
Effects of DOXol on aconitase and IRP-1 activities
Having demonstrated that cis-aconitate coupled DOXol oxidation with cluster iron delocalization, we performed experiments to evaluate functional consequences on the enzymatic or RNA binding activities of this protein. As shown in Fig. 4A Figure 5 . Recovery of aconitase activity after cluster iron removal with DTT/pH 8.9 or cis-aconitate plus DOXol. Ironloaded cytosols were assayed for aconitase activity before and after cluster iron removal by DTT/pH 8.9 (A) or cis-aconitate plus DOXol (B), as described in Materials and Methods. After these treatments, cytosols were exposed to cysteine and FAS and assayed for recovery of aconitase activity. Values are means { SE of three determinations. cys, cysteine; FAS, ferrous ammonium sulfate; cis-acon, cis-aconitate. , d) , iron-loaded cytosols (lanes b, e), and cis-aconitate/DOXol-treated, iron-loaded cytosols (lanes c, f). Where indicated, samples were mixed with 0.6 % 2-ME just prior to the assay. cisAconitate/DOXol treatments were performed as described in Materials and Methods and the gel is representative of three similar experiments. B) Ironloaded cytosols (1 mg protein/ml) were incubated with 0.5-5 mM purified DOXol in 0.3 M NaCl, pH 7.0, 37ЊC. After 1 h, aliquots were taken and assayed for IRP-1. abolished aconitase activity, consistent with the removal of cluster iron that occurred under these conditions. Doxorubicinol and cis-aconitate per se did not decrease aconitase, nor was the enzyme activity affected by cis-aconitate plus DOX (see also Fig. 4A ). This confirmed that cluster iron delocalization and consequent loss of enzyme activity reflected a concerted action of cis-aconitate with the secondary alcohol moiety of DOXol. On the other hand, cis-aconitate and DOXol could abolish aconitase activity irrespective of the presence or absence of SOD and/or catalase, as one would expect if O 2 · 0 and H 2 O 2 were not involved in cluster disassembly (Fig. 4B) .
After these characterizations, cytosols were assessed for their ability to undergo reversible disassembly and reassembly of [4Fe-4S] clusters. For this purpose, iron loaded cytosols were treated with DTT/pH 8.9 or cis-aconitate plus DOXol to remove cluster iron and abolish aconitase activity; both samples were then reconstituted with cysteine and FAS to assist the formation of new Fe-S motifs. As shown in Fig. 5 , cytosols that had been treated with DTT/ pH 8.9 responded to FAS and cysteine by forming new [4Fe-4S] clusters, as evidenced by excellent recovery of aconitase activity. In contrast, cytosols treated with cis-aconitate and DOXol failed to recover enzymatic function. These comparative experiments suggested that cis-aconitate-and DOXol-dependent iron removal was accompanied by apoprotein modifications that precluded iron reincorporation and cluster reassembly.
Under the same conditions as described in Fig. 1 , iron-loaded cytosols consistently exhibited less IRP-1 activity than did unmodified cytosols, in agreement with the inverse relationship between cluster iron saturation and RNA binding (Fig. 6, lanes a, b) . However, subsequent treatment of iron-loaded cytosols with DOXol and cis-aconitate, while releasing iron from the cluster, did not increase but actually suppressed the formation of IRE/IRP-1 complexes (Fig.  6A, lane c) . To better characterize these findings, cytosols were treated with 2-ME just prior to the gel shift assay in order to reduce disulfide bridges and regenerate {SH groups that facilitate RNA binding (19, 20) . As also shown in Fig. 6A (lanes d, e) , 2-ME slightly increased IRP-1 activity in both unmodified or iron-loaded cytosols; therefore, IRP-1 remained Ç 50% lower in iron-loaded cytosols. 2-Mercaptoethanol had a more visible effect on iron-loaded cytosols that had been treated with cis-aconitate and DOXol; nonetheless, 2-ME could not restore IRP-1 activity to the same levels as observed in cytosols that had not been treated with these compounds (Fig. 6A , lane f). Collectively, these results suggested that: 1) the different RNA binding activity of unmodified and iron-loaded cytosols reflected the degree of cluster iron saturation more than the availability of {SH groups; and 2) treatment of iron-loaded cytosols with cis-aconitate and DOXol converted sulphydryl groups to disulfides, but also to more complex species that could not be reduced by 2-ME, causing the irreversible inactivation of IRP-1. Two lines of evidence confirmed that IRP-1 was inactivated by a concerted action of cis-aconitate and the alcohol moiety of DOXol. First, increasing concentrations of DOXol per se had no effect on RNA binding (Fig. 6B) . Second, neither cis-aconitate nor cis-aconitate plus DOX could modify IRP-1 activity (Fig. 6C ).
Experiments were performed to establish how cisaconitate and DOXol failed to increase but actually suppressed IRP-1 activity, although they effectively removed iron from the cluster of aconitase. In a first set, neither SOD nor catalase or a combination of the two enzymes was found to prevent the decline of IRP-1 in iron-loaded cytosols exposed to cis-aconitate and DOXol (Fig. 7A) . This showed that O 2 · 0 and H 2 O 2 were not involved as causative agents of IRP-1 dysfunction, in keeping with previous findings that they were similarly unable to delocalize cluster iron. In a second set, we attempted to establish whether IRP-1 was affected by the two specific products of cis-aconitate-and DOXol-dependent cluster disassembly, i.e., Ç2 nmol DOX and Ç4 nmol low mol wt Fe(II) (cf Fig. 2A-B) . For this purpose, we prepared iron-depleted cytosols having high levels of IRP-1; these samples were then exposed to DOX, Fe(II) or a mixture of DOX with Fe(II). As reported in Fig. 7B , neither DOX nor Fe(II) affected IRP-1 activity; however, a significant decrease was observed when DOX and Fe(II) were both included. A series of parallel determinations showed that a mixture of 2 nmol DOX with 4 nmol Fe(II) changed the spectral characteristics of the drug, causing a decrease in absorbance at 477 nm and an increase at 600 nm (not shown). These spectral changes reflected the formation of DOX-Fe(II) complexes that converted to DOX-Fe(III) by oxidizing with oxygen (28) . Comparative analyses against known amounts of DOX-Fe(III) also allowed us to calculate that ligand interactions of 4 nmol Fe(II) with 2 nmol DOX approached completion in Ç5 min and yielded 0.9 { 0.1 nmol Fe(III) (nÅ3). Within the same experimental period, unchelated Fe(II) did not appreciably oxidize with oxygen, as judged by a complete recovery after chelation with ferrozine 
low mol wt Fe. In this study, we have shown that an anticancer drug like DOX may become cardiotoxic through the action of DOXol, a secondary alcohol metabolite that irreversibly inactivates aconitase/IRP1. Inasmuch as these processes cannot be studied in cardiac biopsies from cancer patients, we have used cytosolic fractions from myocardial samples obtained during surgery. Moreover, the experiments have been performed with concentrations of DOXol that reproduce those formed by the aldo-keto reductases of human myocardium. Results obtained under these conditions may therefore be relevant to pathologic conditions in vivo.
The aconitase reaction relies on [4Fe-4S] clusters in which Fe a and Fe b1 have distinct ferrous properties and Fe b2-3 tends to stabilize as Fe(II)-Fe(III) dimers (29) . Previous evidence for a possible reaction of DOXol with iron was obtained in cytosols that had been chromatographed on calcium hydroxyapatite or subjected to iron loading in the absence of reducing agents (6) . Both of these manipulations may have caused cluster iron oxidation, forming protein-iron complexes that contained predominantly Fe(III) (6) . Under those conditions, DOXol was found to reduce Fe(III) and mobilize Fe(II) by virtue of reaction mechanisms that did not require additional cofactors (6) . In the present study, hydroxyapatite chromatography has been omitted and iron loading has been performed in the presence of cysteine (see Materials and Methods). These modifications have allowed us to stabilize some iron in a ferrous form attributable to the Fe a of properly assembled [4Fe-4S] clusters. Under these newly defined conditions, DOXol inactivates cytoplasmic aconitase by delocalizing both Fe a and Fe b1-3 in a low mol wt Fe(II) form. Iron mobilization proceeds through the reoxidation of DOXol to DOX and is accompanied by irreversible modifications that preclude cluster reassembly and recovery of aconitase activity (cf Fig. 4 and Fig. 5) .
Although cis-aconitate is often shown to protect Fe-S motifs from chemical agents (13, 26) , our studies demonstrate that it represents an absolute requirement and cofactor for DOXol oxidation and iron release to occur (cf Fig. 2A-B and Table 1 ). This finding is pathophysiologically relevant, as [4Fe-4S] clusters would almost certainly contain some substrate in vivo (20) . To achieve some insight into the role of cis-aconitate, one must remember that the aconitase reaction accompanies sterical and redox transients, reflecting different modes of Fe a ligation by citrate or isocitrate and reversible intensification of the ferrous character of Fe a as opposed to the unchanged Fe(II)/Fe(III) behavior of Fe b1-3 (29) . cisAconitate is an obligatory intermediate of these processes, inasmuch as it isomerizes to both citrate and isocitrate and can bind to Fe a either mode by rotating Њ180 (29) . Sterical and redox transients at or near Fe a might thus enable DOXol to introduce reducing equivalents into the cluster, explaining how four iron atoms with relatively different characteristics can eventually be delocalized in a ferrozine-chelatable form having net Fe(II) properties. In keeping with this possible mechanism, the effects of cis-aconitate on DOXol oxidation and Fe(II) release decrease remarkably when aconitase is exposed to fluorocitrate, forming by-products that bind tightly to Fe a and displace the physiologic substrate intermediates otherwise involved in sterical and redox transients (cf Fig. 3 and ref 27 ). Under the same experimental conditions, fluorocitrate would not affect drug metabolites that are formed by aconitase-independent mechanisms, e.g., 4-demethyl-deoxy DOXol aglycone (cf Fig. 3) .
Experiments with unmodified vs. iron-loaded or iron-depleted cytosols indicate that cluster assembly or disassembly generates an inverse relationship between aconitase and IRP-1 in human myocardium (cf Fig. 1 ). This regulatory mechanism is lost when cisaconitate and DOXol remove cluster iron, forming an apoprotein that lacks aconitase activity but also fails to function as IRP-1 (cf Fig. 6A ). Under these particular conditions, the physiologic switch of aconitase to IRP-1 is precluded by oxidative modifications of cysteine residues-most notably Cys 437 -that mediate interactions of the apoprotein with IREs (19, 20, 26) . In fact, cis-aconitate and DOXol-treated cytosols can visibly recover IRP-1 activity after exposure to 2-ME, a reducing agent that converts disulfides to {SH groups (see also Fig. 6A ). Treatment with 2-ME is nonetheless insufficient to achieve a complete reactivation of IRP-1, suggesting that some oxidative modifications have proceeded beyond the formation of disulfides, yielding sulfenic, sulfinic, or sulfonic moieties that cannot be reverted to {SH by 2-ME (30) . A series of reconstitution experiments indicates that IRP-1 is inactivated by the two specific products of DOXol-induced cluster disassembly, i.e., DOX and Fe(II), forming redox-active DOX-Fe(II) complexes (cf section on ''Effects of DOXol on aconitase and IRP-1 activities'' and Fig. 7B ). Previous studies by other investigators have similarly suggested a possible role for DOX-iron complexes in protein thiol oxidation (31) and cardiotoxicity (32) (33) (34) . Our present findings extend those reports, showing that cytoplasmic aconitase/IRP-1 is both a source of DOXol-releasable iron and a target of DOX-iron complexes that react in situ with critical residues of the apoprotein. Cys 437 can also contribute along with Cys 503 and Cys 506 to the process of cluster iron coordination, conferring aconitase activity on the apoprotein (19, 20) . The dual role of cysteines in RNA binding and cluster assembly would adequately explain how cis-aconitate and DOXol treatments preclude iron reincorporation and recovery of aconitase activity (cf Fig. 5) .
The observation that DOXol can irreversibly inactivate IRP-1 anticipates several pathologic consequences, the most obvious being a disturbance in the regulation of transferrin iron uptake vs. ferritin iron sequestration. Cardiomyocytes would thus become unable to sense iron levels and coordinate iron movements between the different sites of deposition or metabolic use. In addition to these changes, there may be other and more subtle consequences of DOXol-cluster interactions. For example, the simultaneous loss of aconitase activity should increase the cytosolic levels of citrate, altering the putative role of this compound as a chelator and transporter of intracellular iron (35) . Recent studies have also shown that IRP-1 can bind to IREs in mRNA for mitochondrial aconitase, decreasing the synthesis of this enzyme (36, 37) . The biologic significance of this regulatory connection is unknown, but these findings reinforce the idea that a reversible switch between aconitase and IRP-1 modulates several homeostatic processes. Interrupting this switch with DOXol should predictably expose cardiomyocytes to a multifactorial damage, especially if one appreciates how sensitive these cells can be to anomalous changes in iron and energy metabolism (38) . De novo synthesis of IRP-1 would probably fail to compensate for these disorders, inasmuch as the apoprotein is itself a target of DOX-iron complexes. Similar reasonings might perhaps be applied to IRP-2, which is also redox-regulatable at critical {SH residues (25, 26) .
The mechanisms described above must be contrasted with other prevailing hypotheses of cardiotoxicity, mostly involving a quinone group placed in the tetracycline ring of DOX (cf Scheme I). Several studies have shown that this moiety is liable to one-electron addition by NAD(P)H oxidoreductases of intracellular organelles, yielding a semiquinone free radical that readily regenerates the parent quinone by reducing oxygen to O 2 · 0 and H 2 O 2 (3, 4) . During this redox cycling, O 2 · 0 can reductively release some iron from ferritin (39, 40) . Inasmuch as cardiomyocytes are relatively deficient in oxyradical-detoxifying enzymes such as SOD, catalase, or glutathione peroxidase, one-electron redox cycling of DOX is often said to facilitate intracardiac accumulation and reaction of O 2 · 0 and H 2 O 2 with delocalized Fe(II), forming hydroxyl radicals or iron-oxygen complexes that eventually promote lipid peroxidation (3, 4) . Attempts to validate this biochemical hypothesis in human subjects have produced conflicting results. We have recently demonstrated that DOX infusions do not increase but actually suppress cardiac lipid peroxidation in cancer patients, as evidenced by a decrease of lipid-conjugated dienes and hydroperoxides in blood samples collected from the coronary sinus (7) . These findings cast doubt on the importance of lipid peroxidation and explain other negative reports showing that antioxidants like a-tocopherol or N-acetylcysteine would not protect cancer patients from DOX toxicity (41, 42) . A significant degree of protection has nonetheless been observed with dexrazoxane, a bis-keto-piperazinedione that hydrolyzes intracellularly and liberates a diacid diamide that chelates iron (1, 2, 33, 34) . Keeping this in mind, one cannot escape the conclusion that dexrazoxane mitigates cardiotoxic events other than iron-dependent lipid damage. The experiments described in our present study may help reconcile these inconsistencies. For example, dexrazoxane might reequilibrate iron between ferritin, enzymes, or putative transporters like citrate, thereby relieving the disturbances otherwise associated with the inactivation of aconitase/IRP-1 and consequent changes in iron uptake vs. sequestration or metabolic use. Alternatively, dexrazoxane might compete with DOX for iron and prevent formation of those drug-iron complexes that interrupt the physiologic interconversion between aconitase and IRP-1. In either case, dexrazoxane would prevent homeostatic disorders rather than lipid peroxidation or equivalent free radical reactions, making it possible to rationalize the protective effects of chelation therapy as opposed to unsuccessful interventions with antioxidants.
A role for O 2 · 0 and H 2 O 2 might be maintained if these species mediate the deleterious effects of DOXol on aconitase/IRP-1. Our studies indicate that this is not the case. In fact, neither SOD nor catalase or a combination of the two enzymes can prevent DOXol-dependent cluster disassembly, in keeping with the earlier suggestion that DOXol interacts with iron by direct electron transfer mechanisms (see section on ''Mechanisms and stoichiometry of cluster iron delocalization'' and ref 6) . Likewise, SOD and catalase cannot prevent the bifunctional inactivation of IRP-1 and aconitase, perhaps because the oxidation of DOX-Fe(II) with oxygen generates Fe(II)/ Fe(III) complexes that modify biologic targets by O 2 · 0 and H 2 O 2 -independent mechanisms (cf refs 28, 39 and Fig. 4B, Fig. 7B ). Critical appraisal of the literature also suggests that O 2 · 0 and H 2 O 2 have multiple and often diverging effects on Fe-S clusters and aconitase/IRP-1; however, neither species would impose the same bifunctional and irreversible inactivation as imposed by DOXol (43) (44) (45) (46) (47) (48) .
In conclusion, our studies demonstrate that the interaction of DOXol with cytoplasmic aconitase/IRP-1 encircles various aspects of DOX toxicity and provides a framework to optimize cardioprotection with dexrazoxane or other newly designed chelators. The unusual reactivity of DOXol with aconitase/IRP-1 vis a vis its marginal contribution to the tumoricidal effects of DOX (49) fecting anticancer activity. Potential strategies include the development of drugs that inhibit aldoketo reductases or the identification of DOX analogs that form fewer alcohol metabolites.
